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Abstract

The effects of CQ and HO on the preferential CO oxidation ingHich gases (PROX) over AufFe,O3 have been studied by kinetic
and IR spectroscopic measurements &t@0Addition of CQ reduces the CO oxidation rate and the selectivity, which based on a blue shift
of the linearly adsorbed CO in the IR spectra is attributed to coadsorption p8@he gold particles or at the gold—metal oxide interface.
Furthermore, deactivation is accelerated due to increased carbonate formation on the catalyst surface. Addiboresdltd in opposite
effects. It increases the selectivity by suppressing the competnaxidation reaction. The CO oxidation rate is slightly accelerated. The
deactivation is significantly diminished, which is ascribed to the transformation of surface carbonates into thermally less stable bicarbonate
species. The extent of the effect of water addition depends strongly on the reaction temperature, being most pronounced at lower temperatur
(40°C). Under realistic conditions (25% GOL0-15% HO, 80°C) water reduces, but cannot completely compensate, the negative influence
of CO, on the PROX performance compared to£f@ee gas mixtures.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction So far, most studies on the selective CO oxidation over

gold catalysts have been conducted in model atmospheres

Supported gold catalysts are well known to be highly (“idealized reformate”), consisting of CO 2{H>, and an in-

active already at low temperatures in several oxidation reac-ert component (Wor He) [7—17]. Realistic methanol steam
tions, among them the oxidation of carbon monoxide at low reformate, however, contains up to 25% £&nhd 10-15%
temperatures. Comprehensive review articles are provided,water. Therefore, it is essential to investigate the influence of
for example, in Refs. [1-4]. One major application could be these possible coreactants on the PROX reaction in order to
the selective oxidation of CO in4rich gases (preferential  evaluate whether the high activity and selectivity observed
oxidation of carbon monoxide—PROX), which is currently jn jdealized reformate are also maintained under more re-
the most attractive method for the removal of CO impurities gjistic conditions. For platinum-based catalysts, where due
(ca. 1-2%) from feed-gas streams for polymer electrolyte 4 ihe high adsorption energy of CO the active metal is
fuel cells (PEFCs) produced by steam reforming of alcohols «gpicided” by a dense CO adlayer under typical reaction
or hydrocarbons (see, e.g., Refs. [5,6]). conditions, the presence of G@nd/or water was found

to have rather small, “indirect” effects, caused by adsorp-
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H20, and CQ/H20 addition on the PROX reaction over a H>O and CQ addition on the rate and selectivity for CO
number of slightly different Aw/-Fe,O3 catalysts at a rep-  oxidation, determined under differential conditions. This is
resentative reaction temperature o&0 followed by in situ diffuse reflection infrared spectroscopy
The results of previous studies on this topic, which have (DRIFTS) results on the evolution of the C-O stretch fre-
not yet led to a consistent picture, can be summarized as fol-quency during reaction in different reaction atmospheres,
lows. The influence of water addition on the CO oxidation which provides information on the composition of the ad-
reaction over supported gold catalysts, in the absence of H layer under reaction conditions and on the build-up and sta-
or CQy, had been investigated in several studies. The results,bility of by-products during the reaction. These data form the
however, differ significantly, even on similarly prepared ca- basis for mechanistic considerations. The following section
talysts and for the same support material. Positive effectsis focused on the temperature dependence of t@ &hd
were reported by several authors for a variety of support ma- CO,-induced changes in the CO oxidation rate and selectiv-
terials. For instance, the activity of a AttFe,O3 catalyst ity, giving access to the effective activation energies of the
(1 kPa CO in air; 30C) was reported to increase from 95% underlying reactions in the different reaction atmospheres.
conversion to total conversion upon the addition of 0.6—4 kPa Finally, we evaluate the catalyst performance under realistic
water [21]. Positive effects were also claimed for Au/ZjO  conditions, comparing the rates and selectivity in a realis-
Au/C0o304, AU/NIO, or Au/Al;O3 catalysts [1,22-25]. In  tic gas mixture containing 10 kPaB and 22 kPa C&with
contrast, Daté and co-workers reported recently that only those in idealized reformate, in the absence g®tnd CQ,
small concentrations of moisture (200 ppm) were beneficial or in gas mixtures containing eithep8 or CQp.
for the CO oxidation over a Au/Ti@catalyst (1 kPa CO Our data will show that for the present catalyst both core-
in air; 0°C), while larger concentrations decreased the ac- actants cause significant, but opposite, effects on the PROX
tivity [26,27]. Since the water—gas-shift activity of Au/TiO  activity and selectivity and that the relative strength of the
is negligible at these low temperatures [28], the enhancedobserved effects depends strongly on the reaction tempera-
reactivity cannot result from the water—gas-shift reaction ture and reactant partial pressures. Based on in situ IR data
(H20+ CO < Hz + COp). In contrast to the above stud- it will be shown that these effects are at least partly caused
ies, Bollinger and Vannice claimed an irreversible decrease by coadsorption of C®and/or HO/OH species on the gold
of the activity by a factor of 3 for a Au/Ti@catalyst upon particles or at the Au—oxide interface, and that the catalyst
addition of 0.6 kPa KO (4.8 kPa CO and & 40°C) [29]. deactivation is mainly related to the build-up and accumula-
Similar observations were made by Grunwaldt et al., who tion of carbonate by-products. In the presence gbHhese
reported a reduced activity over Au/Ti@0.25 kPa CO and  can be transformed into thermally less stable bicarbonate
O2; 30°C) with only 0.1 kPa HO present in the reaction at-  species, which reduces the tendency for deactivation. Under
mosphere, but in their study the effect was easily reverted byrealistic application conditions the counteracting effects of
simply switching back to a dry mixture [30]. CO, and KO addition do not completely compensate each
Effects of CQ on the CO oxidation reaction have rarely other, and the catalyst performance is slightly inferior com-
been studied. Hoflund and co-workers noted a reduced reacpared to that in idealized reformate.
tivity for a Au/MnQO, catalyst by a factor of 2 in the presence
of 16 kPa CQ (1 kPa CO, 0.5 kPa £ 55°C) [31]. Dur-
ing preparation of this manuscript a study by Avgouropou- 2. Experimental
los et al. appeared, where they investigated the effects of
CO, (15 kPa) and CQ (15 kPa) plus HO (10 kPa) on the The disperse Aw/-FeO3 catalysts (samples 1-1V) were
CO conversion and selectivity in the PROX reaction over a prepared either by deposition—precipitation or by coprecipi-
Au/a-Fe03 catalyst as a function of the temperature (ca. tation from metal nitrate solutions, as described in Ref. [12].
40-120°C). They found that the presence of 15 kPa,CO The main physicochemical characteristics of the catalysts
decreased the CO conversion at a given temperature in asuch as metal loading, BET surface area, the mean metal
Hy-rich atmosphere markedly, while the influence on the se- and oxide particle sizes, and the content of trace impuri-
lectivity was negligible (1 kPa CO, 1.25 kPa (B0 kPa ties, in this case mainly Na, were determined by inductively
H>) [32]. The additional presence of 10 kPa water further re- coupled plasma atom emission spectroscopy (ICP-AES), N
duced the CO conversion, but increased the selectivity. ThisBET measurements (Fisons Instruments, Sorptimaic 1900)
study did not give access, however, to reaction rates andand by either X-ray diffraction (XRD) (Siemens D5000) or
mechanistic details. The influence of® on adsorbed CO by transmission electron microscopy (TEM) using a Philips
was studied by in situ infrared spectroscopy (FTIR) in [33]. CM 20 microscope (200 kV). The resulting values are sum-
Finally, we have not found any data on the influence of marized in Table 1. Prior to the experiments, the catalysts
CO, or H20 on the oxidation of K, which is equally rele- were calcined in situ at 40@ in a flow of 20 Nm)min of
vant for studies of the PROX reaction. 10 kPa Q in N2 for 30 min.
In the following we will, after a brief description of All measurements were conducted at atmospheric pres-
the experimental details and procedures and of the phys-sure under differential flow conditions. The reactant gas feed
ical properties of the catalysts, first evaluate the effect of for the PROX reaction was mixed fromyN6.0), H (5.0),
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Table 1 . 10 AR AL
:_Zatalyst characterization of employed Atife,O3 samples after calcina- ’57:; i Idealized reformate ]
ion s ]
Z _ C»——C%——C>1D{><}CKX3(IIXIIIIRD.
Preparatiof Au (wt%) @ay (nmY° Bre,0, (Nm)° BET (M?/g) {5
Sample | DP 230 2.308 165 63 Y [ ___CO; containing reformate ]
Sample Il DP 2.55 2.208 18.8 47 g
Sample Ill DP 2.69 2.%£1.0 17.3 40 —
Sample IV CP 3.15 2.20.5 13.7 54 ;.48 10
@ CP, coprecipitation (pH 8-8.5 = 80°C); DP, deposition—preci- S JE—
pitation (pH 7.8-8.37 = 80/60°C). 70 b E
b Evaluated by TEM. L 60 0 o~C seoqtety ]
¢ Calculated from XRD. — [ ]
X 60F © .
2% CO (4.7) in B (5.6), 10% Q (5.0) in N, (5.0, CO- n 50 [ ]
free), and CQ (6.0), supplied by Linde, Messer Griesheim i HTDW%% ]
and MTI. Flow rates were between 40 and 120 KXmih. 40 E ]

Four different gas mixtures were used in this study, “ide-
alized reformate,” “C@-containing reformate,” “C@H,0O-
containing reformate,” and “realistic reformate.” If not noted t [min]

otherwise, they all contained 1 kPa CO, 1 kPa @nd

75 kP n he dry part. I (dealized eformate) or G 7,90 o Tessumen e 6 ot o e
(Other, mlxtures) were “S‘?d as balance gas. In th@’ﬁ@- . COZ-(gntaining reformatgll) over Auk-Fe,Og (sample 1) at 80 C (1 kPa
containing reformate, which was used as model gas still suit- ¢, 1 kpa @, 75 kPa H, balance N or COy).

able, e.g., for DRIFTS measurements, the moisture content

was 1.3 kPa; in the realistic reformate the moisture content
was similar to that of real methanol reformate (10-15 kPa).
In order to maintain differential reaction conditions, the cat-
alysts were diluted witlkx-Al 203 powder.

Catalytic activities were measured in a tubular quartz re-
actor (i.d. 4 mm) with on-line gas chromatography detec- A . : o
tion (Chrompack CP9001), using two wide-bore capillary S also opserved w.|th increasing tlme on stream. A simi-
columns (Poraplot U and Molesieve 5 A: Chrompack) and lar behavior, reducpoq of the CQ o.x.|dat|on rate .by a factor
two thermal conductivity detectors (Chrompack TCD 914). 2.5-4, faster deactivation, and significant reduction in selec-

The catalyst powder (approximately 100 mg) was fixed by tivity, was _nc_)ted for all Au&.—Fe203 catalysts evaluated in_
quartz wool plugs. CO, © and CQ signals were calibrated COy-containing reformate, independent of the preparation

with calibration gas mixtures. IR spectra were recorded on "OUte (coprecipitation or deposition—precipitation), Au parti-

a Magna 560 spectrometer (Nicolet) by adding 1250 scanscle size, catalystimpurities (e.g., sodium), or relative activity
(acquisition time~ 9.5 min) at a nominal resolution of differences between the various samples under identical con-

8 cmr ! using an in situ DRIFTS cell. Details on the cell ditions (the difference in CO oxidation rate in idealized ref-
and the mirror setup are provided in Ref. [34]. Prior to Ormate between the different samples was about one order of

the experiments background spectra were recorded on thenagnitude under these conditions). Our finding of a reduced
freshly conditioned catalyst under a flow of pure nitrogen. activity in the presence of C{agrees well with the results
Intensities were evaluated in Kubelka-Munk units which are in Ref. [32], where the addition of COraused a significant
linearly related to the adsorbate concentration [35]. Finally, decrease in CO conversion over the entire temperature range
Spectra' Contributions from the gas phase were e"minated byinvestigated. In contrast to those measurements, hOWeVer, we

subtracting corresponding spectra recorded on pure supporflso find a considerable decrease in selectivity upon addition
material. of COy. The origin for these differences in catalytic behavior

is unclear so far, and may be related to differences in the cat-
alyst preparation. They can not be explained by the different

10 100 1000

of COy, the CO oxidation rate (upper window) is reduced
roughly by a factor of 3. Moreover, the catalyst deactiva-
tion is accelerated in the G&ontaining mixture. The se-

lectivity (lower window) is decreased by 15-20%. Other
than for idealized reformate, a continuous loss of selectivity

3. Results type of measurements in that study, using conversion mea-
surements instead of differential flow kinetic measurements.
First we evaluated the influence of ¢@n the selec- In a second set of experiments we investigated the influ-

tive CO oxidation in long-term (1000 min) measurements, ence of water on the selective CO oxidation. Measurements
comparing the reaction rates and selectivities and their timeon sample | are shown in Fig. 2. In this experiment 1.3 kPa
dependence in idealized reformate and in,@@ntaining water was added to the feed after a 1200-min reaction in ide-
reformate at 80C. Representative results obtained on one alized reformate. As a result, the CO oxidation rate (upper
catalyst (sample 1) are presented in Fig. 1. In the presencewindow) increased significantly, exceeding even its initial
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lectivity S (triangles—bottom) on the CfOcontent of the reaction feed at
80°C (1 kPa CO, 1 kPa & 9 kPa N, up to 22 kPa C@, balance H),
recorded in the in situ DRIFTS cell. Black symbols: Rates and selectivity
after addition of 1.3 kPa $D to the mixture containing 22 kPa GO

t [min]

Fig. 2. CO oxidation rateco (top) and selectivity S (bottom) in a “switch
experiment” during selective CO oxidation in a mixture of 1 kPa CO, 1 kPa
0Oy, 75 kPa H, balance N) over Auk-Fe,O3 (sample 1) at 80 C: first dry
mixture (idealized reformate), after 1300 min addition of 1.3 kB®H

see figure caption of Fig. 3) does not bring about significant
effects.) For each data point the system was equilibrated for
rate (atr = 15 min) by 35%. Similar results were obtained 30 min before taking a GC sample and recording IR spec-
also on other Auf-Fe;O3 catalysts, though in some case the tra, so that steady-state conditions were reached, at least for
addition of water had almost none or even a slightly negative the highly reversible CO adlayer. Fig. 3 (top) illustrates that
effect (e.g., sample Il) on the CO oxidation rate. Other ob- with increasing partial pressure of G®oth the CO oxida-
servations are that in the water-containing atmosphere thetion and the H oxidation rate are reduced, with the latter
deactivation is slowed down (Fig. 2, upper window) and being less affected (reduction by factors of 4 and 2, respec-
that the selectivity is improved by ca. 15% (Fig. 2, lower tively). As a consequence, the selectivity (Fig. 3, bottom)
window). The main reason for the enhanced selectivity is a is slowly reduced with increasing G@ontent, from more
significantly diminished #+oxidation rate in the presence of than 65% in idealized reformate to about 50% in the pres-
water. These effects were observed for alld#e,O3 sam- ence of 22 kPa C® (Note that an average base level of
ples. In several measurements the stability was enhanced t®.19 kPa CQ is produced in situ by the CO oxidation reac-
an extent that almost constant CO oxidation rates were ob-tion in idealized reformate, which was considered in theCO
tained for more than 5000 min. partial pressures.) Finally, 1.3 kPg® was added to the
Despite extensive analysis (elementary analysis, TEM, COp-containing reformate by passing it through a bubbler
BET, XRD, thermogravimetry) we could not see any signif- (Fig. 3, black symbols). This results in a clear acceleration
icant differences in the physical properties of those catalyst of the CO oxidation rate, but not of thepkbxidation rate,
samples where we noted a neutral or negative impact ofleading to a strong increase in selectivity.
water on the CO oxidation rate. This does not rule out, of  Fig. 4 illustrates the corresponding changes in the vibra-
course, modifications which are close to or below the detec- tional properties of the adlayer during the above described
tion limit of our techniques for catalyst characterization. experiments. (It should be noted that because of the very
Next, we investigated the influence of increasing amounts strong and dominating COgas-phase absorption band the
of CO, (0.2-22 kPa C@) and of coadded pO (1.3 kPa spectral region between 2300 and 2400~ ¢énis not in-
H>0) by combined in situ DRIFTS and activity measure- cluded.) With increasing C®partial pressure the band for
ments in order to get a more detailed picture of the under- linearly adsorbed Cg shifts to higher wavenumbers, from
lying reaction mechanism. Because of technical reasons the2110.5 to 2114.0 cm' (Fig. 4a), while its intensity increases
addition of up to 22 kPa C®Owas compensated by reduc- by almost 25% (Fig. 4b). The corresponding spectra are re-
ing the hydrogen content rather than the balance nitrogen inproduced in Fig. 4c. If the larger CO IR-signal intensity
these experiments. (We assume that due to its large excess eeflected a higher CO coverage, this would contrast the usual
reduction from 89 to 67 kPaHTfor exact gas composition, observation for CO adsorption on Au that an increase in CO
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e ) ISIEE 7 which has never been observed in £fgee mixtures in our
g ' - > "\\ . 2 ,,"ll ) experiments. Bollinger and Vannice reported the appearance
2ol -0 r YN -ﬁ_," | 0015 5 of a band at a similar position (2071 cf) for CO adsorp-
S ol ! 1 E tion experiments on a Au/TiQcatalyst and attributed it to
> [ ° P = CO linearly adsorbed on rutile [29], however, this cannot
7 2109 = ] E serve as an explanation in our case. g0ands observed
o, 16 _b) _~a 1700 1500 1300 1 1 g in a still lower range, between 1900 and 2055‘ér,nover
g =t o fem E a Au/TiO; catalyst sample pretreated in hydrogen, were as-
E 4r o ] g cribed to the adsorption of CO on small, electron-rich gold
E" 4 .:1 particles, which are negatively charged by interaction with
E R . . 0,005 the partly reduced support [37]. Since the number of oxy-
0.1 1 10 2100 2000 gen vacancies on the support is not expected to increase,
p(CO,) [kPa] v [em™] but rather to decrease in the presence of higher partial pres-

sures of CQ [38], such an explanation seems unlikely for
Fig. 4. Evolution of DRIFTS spectra during the PROX reaction at increas- the present case. We therefore attribute this line to aqCO

ing C tial AufFe,0 le 1ll) at 80C (1 kPa . . . ) .
'g(g) f)zkggrg gri‘:',zur@s S;etro 29 Ezpasc(sgngglzncé H) (the(cone_ species adsorbed on the Au particles interacting with coad-

sponding rates/selectivities are shown in Fig. 3): (a) C-O stretch frequency SOrbed, neighboring COwithout being able to specify the
for linearly adsorbed Cg) on gold; (b) integrated IR intensity for lin-  adsorption site or the nature of the interaction.
early adsorbed Cgy on gold; (c) DRIFTS spectra of the G@region Coadsorption of C@ on the Au particles was already
(1950-2160 cm?; 902 content increases upward); ((_j) DRIFTS spectra of proposed in a former study by Bollinger and Vannice on
the by-product region (1_200—1800 crh CO, content increases upward). AU/TIO talvst h I ted inhibiti f th
Black symbols/dashed lines: DRIFTS spectra after addition of 1.3 ki@a H urt 2 CE,‘ alys Sj W 0 equally no ed an nnhibi I_On of the
to the mixture containing 22 kPa GO CO oxidation activity upon addition of GO Their pro-
posal was based on the observation of shoulders at 2320 and
2378 cn1! for a central band around 2342 th which they
coverage is concomitant with a decrease of the C-O StretChassigned to adsorbed G®n the gold particles, while the
frequency [36]. Very similar effects on the position and in- main peak was attributed to adsorbed. Q@ TiO, [29].
tensity of the C—-O band have been observed previously, after |n order to check for carbonate- or formate-type by-
the admission of oxygen to a COfixture, where depend-  products we also evaluated the spectral region between
ing on the partial pressures of CO and @We noted a blue 1200 and 1800 cm, i.e., the region typical for these by-
shift between 3 and 7 cn, together with an increase of the products [24,35]. The resulting spectra are displayed in
absolute intensity of the CQband [10], whichis likely due  Fig. 4d. They show a number of absorption lines, which
to a coadsorbate-induced increase in the absorption crosgrow in intensity with increasing COpartial pressure. The
section. (A change in catalyst reflectivity during the reaction most prominent peaks and shoulders are at 1220, 1305,
could be ruled out as the physical orgin since we recorded 1430-1440, 1610, and 1640 cf which are assigned to
single beam spectra, which were averaged subsequently angarious types of carbonate and probably also carboxylate
which would have shown this effect.) Considering the phys- species (e.g., [24,29,35,39]). Due to the contradictory inter-
ical origin of the “normal” red shift of the C-O frequency pretations in the literature and since there are only few data
with increasing coverage for CO on Au—it was attributed to on Fe Oz [39] supports we refrained from a more detailed
the dominant interaction with theo5CO orbital [36]—the  assignment (except for the well distinguishable bicarbonate
C-O frequency is expected to increase with reduced electronspecies, see below).
density at the Au surface. Consequently, we suspect CO  After the addition of water (1.3 kPa4@) to the CQ-
molecules coadsorbed on the Au particles, i.e., in the vicinity containing reformate (CgH,O-containing reformate) the
of the adsorbed CO molecules, to act as an electron accepCO,-induced effects are reversed. The G®and shifts to
tor, reducing the electron density at the Au particle surface lower wavenumbers and its intensity is reduced to less than
in their neighborhood. Possible explanations for the parallel half of its original value (Figs. 4a—c, black symbols and
reduction in CO oxidation activity may be steric effects (i.e., dashed lines, respectively). The peak at 2075tremains,
site blocking) or an altered reactivity of the surface species indicating that adsorbed GQs still present under these
due to the electronic changes in the substrate. Additional ef- conditions and has not been removed by reaction with wa-
fects, such as a suppression of the oxygen supply from theter, e.g., by forming bicarbonate species. Consequently, the
support material [11], especially by building up carbonate H,O-induced red-shift of the C-O stretch frequency and the
species at the gold—metal oxide interface, may contribute asstrongly reduced IR intensity must be explained in terms of
well, but they are expected to affect CO angldkidation to coadsorbed electron-richd®;4 or OHag species on the gold
the same extent and cannot account for the reduced selectivsurface (or at the interface region).
ity shown in Fig. 3. The intensity in the by-product region between 1200 and
At partial pressures above 10 kPa £@ new band 1800 cntl is not only strongly enhanced, but also the peak
evolves in the C-O stretch region at around 2075 tm  positions are changed. The strongest bands and shoulders
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appear now at 1340, 14001460, 1580, and650 cnt?! 3620 cnt! (marked by arrows), along with another small
(Fig. 4d). While the bands observed under dry conditions peak at 1775 cmt. As had been discussed before, the first
were assigned carbonate and carboxylate species, the largawvo lines are assigned to bicarbonates, and the line at 3620
bands in the presence of water are tentatively related to bi-is typical for the O—H stretching vibration in bicarbonates,
carbonate species (e.g., [25,40], see also next experiment). e.g., in bicarbonates on rutile [29].

For closer inspection of the water influence on these by-  First of all these results indicate that, first, keeping the
products a second set of in situ DRIFTS experiments was catalyst in a non-reactive atmosphere at@0leads to a
performed. First, by-products were accumulated for 1 h of slow thermal decomposition of the carbonate by-products
CO oxidation (1 kPa CO, 1 kPaythalance M, 80°C). Sub- formed during CO oxidation under dry conditions. Second,
sequently, the catalyst was purged in different atmospheresthe presence of water at the catalyst surface does not just add
(see below) for an additional 30 min at the reaction temper- additional by-products on top of the already existing ones,
ature. In each experiment the transmittance spectrum takerbut results in their enhanced decomposition compared to the
at the end of the purging step was divided by the transmit- unreactive atmosphere. We attribute the faster removal of
tance spectrum acquired at the end of the accumulation stepthe carbonate by-products to a reactive conversion into bi-
This results in normalized spectra, where species that havecarbonate species. The latter in turn are known to be less
been removed during the purging procedure are identified stable toward thermal decomposition than the original car-
by upward showing bands, while downward showing bands bonate [41].
indicate newly formed species (Fig. 5). For purging in pure  The build-up of carbonate species has been identified as
nitrogen (spectrum a) or in eithepM, mixtures (10 kPa @ a main source for the deactivation of gold catalysts during
in N2) (spectrum b) or in /N2 mixtures (75 kPa blin N») selective CO oxidation, most likely by blocking the Au—
(spectrum c) the intensity of the by-products formed during metal oxide interface [12]. The above experiments showed
reaction is reduced by similar amounts, and no new bandsthat water mitigates the deactivation during selective CO ox-
are found. This is different in an atmosphere containing both idation. Even the activity of a completely deactivated du/
H>and @ (75 kPa kb + 1 kPa Q in Np, spectrumd), where ~ F&O3 catalyst (during CO oxidation in pureJNcould be
water is being produced in situ at the catalyst surface (Fromlargely regenerated by switching to a water-containing at-
experimental reasons this experiment is favorable comparednosphere [18]. Similar effects of catalyst regeneration in the
to adding water vapor to the feed gas, since it eliminates the presence of water were also reported by Costello et al. for a
impairing interference from the rotational gas-phase spec-Au/y-Al203 sample [15].
trum of water introduced via the gas feed). In this case the It is interesting to note that the beneficial effect of wa-
former by-product bands are reduced to a much larger ex-ter is observed only for the CO oxidation, but not for the

tent, and in addition new bands appear at 1455, 1660, andcompeting H oxidation (Fig. 3) which shows the inhibiting
effect on the latter reaction, that was held responsible for the

L e s increasing selectivities in the presence of water in Fig. 2.

] All of the above studies were conducted at a reaction tem-
perature of 8GC. In the following experiments we investi-
gated the temperature dependence of the PROX performance
in idealized reformate, in C§containing reformate, and in
COy/H20O-containing reformate in a temperature range be-
tween 40 and 120C. The data are arranged in Arrhenius-
type diagrams in Fig. 6. All values displayed represent an
average of 2—4 independent measurements. Standard de-
viations in the resulting activation energies are calculated
to be aroundt5 kJ/mol for CO oxidation (Fig. 6a) and

+7 kJ/mol for Hy oxidation (Fig. 6b). The data show that,

N although the CO oxidation rate in G&@ontaining reformate
AT T TR TN T is significantly lower than in idealized reformate, its temper-
3500 3000 2500 2000 1500 ature dependence remains rather similar, yielding activation
energies of around 30 kol for both reaction atmospheres
(Fig. 6a). When water is added to the &€ontaining ref-

Fig. 5. Variation of adsorbed by-products during purging of a by-product ormate (CQ/H»O-containing reformate), the temperature
containing Aué-FeO3 catalyst (sample IV) in different gas mixtures  dependence turns out to be less pronounced. While at low
(80°C; for 30 min), after accumulation of by-products for 1 h of CO ox- temperatures (40C) the initial CO oxidation rate is similar

idation (1 kPa CO, 1 kPa £) balance N) at 80°C. The spectra were . . .
produced by dividing the transmittance spectra recorded after the purg- .tO that in idealized reformate, it approaches the lower rate

ing step by the transmittance spectra taken at the end of the accumulationln CO2-containing r?formate at_ higher temperatures'. This
step. Upward showing bands indicate disappeared species, while downwardeads to a lower activation barrier of around 2Q'kdl in
showing band are assigned to newly formed species on the catalyst surfaceCQO,/H,O-containing reformate under the present reaction

transmittance [%]

v [cm'l]
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- i 46 kJ/mol . Fig. 8. Rate (a) and selectivity (b) for the selective CO oxidation over
9F b Aula-Fe,O3 (sample 1V) at 80C in different reaction feed mixtures
— (0.1 kPa CO, 0.1 kPa £ 75 kPa h, and balance por CO,; data taken
2,6 2,8 3,0 3,2 after 2 h on stream): column 1 (left): idealized reformate; column 2 (left
%103 middle): idealized reformate mixed with 12 kPa®; column 3 (right
UT [I/K] * 10 middle): CQ-containing reformate; column 4 (right): G&ontaining ref-

) ) ) o ormate mixed with 10 kPa $O (realistic reformate).
Fig. 6. Arrhenius diagram for the CO oxidation rate (a) and theokida-
tion rate (b) during selective CO oxidation (1 kPa CO, 1 kRa @ kPa o . .
Ho, balance N or CO,) over Au/a-Fe,O3 (sample 11 in idealized refor-  ture parallels the trend in idealized reformate, but is 15-20%

mate (), in COy-containing reformatef), and in CQ/H,O-containing lower. The additional presence of water improves the selec-
reformate #; 1.3 kPa H0). tivity only for lower temperatures, while for 12@ almost
ettt et no effect is visible.
. In order to evaluate effects of realistic water concentra-
— SE ] tions—water concentrations in real feed gas from a methanol
*é 43 I /mol ] reformer unit are much higher, around 10-15%—we also in-
20 6F 3 kJ/mo ] vestigated the influence ofd® and CQ/H,0 additions on
= ] the PROX reaction over AutFe,O3 catalysts at 80C at
& -7F 42k/mol ] these higher water levels. The relative excess of the feed
=y ] impurities was further increased in these measurements by
= SF ] reducing the partial pressures of CO angd © 0.1 kPa.
- 46 kJ/mol ] Rates and selectivities determined in measurements on sam-
= T ple IV under these conditions are shown in the bar diagram
2,6 2.8 3,0 32 in Fig. 8. (Note that because of the much lower CO and O
UT UKD * 10° partial pressures the CO oxidation rates and selectivities are
[1/K] * 10 different from those in Fig. 1, in agreement with previous
Fig. 7. Temperature dependence for the selectivity during selective CO findings reported in Ref. [9].) L.
oxidation (1 kPa CO, 1 kPa £ 75 kPa , balance N or COp) over The resulting effects are very similar to what was ob-
Aula-Fey03 (sample 1) in idealized reformat&), in CO,-containing ref- served before at lower water concentrations. After adding
ormate {I), and in CQ/H0-containing reformatedp; 1.3 kPa H0). 12 kPa water to the idealized reformate the CO oxidation

rate decreases slightly compared to idealized reformate and
conditions. Fig. 6b shows the corresponding data for the the selectivity is enhanced by ca. 10% (columns 1 and 2).
competing H oxidation in the three different atmospheres. For CQ-containing reformate (25 kPa GPthe CO oxi-
The effects of CQ and water on the activation barrier of the dation rate decreases significantly, to about 20% of that in
H, oxidation are much smaller than for the CO oxidation re- idealized reformate, and the selectivity decreases by about
action, resulting in activation energies of around 45nkdl 30% (columns 1 and 3). Adding 10 kPa of water to the
for all three reaction atmospheres. COp-containing reformate, the negative effects of Cade
The temperature dependence of the selectivity in the dif- reversed (compare columns 3 and 4). However, the origi-
ferent feed mixtures derived from the above data is shown in nal CO oxidation rate and selectivity (in idealized reformate)
Fig. 7. The selectivity behavior in the G&ontaining mix- are not fully restored in the realistic reformate mixture. For
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all mixtures the observed effects do not exceed those ob-reformate of about 45 Kinol, which results in the observed
served before at lower water partial pressures and more COdecay of the selectivity with temperature, from a value char-
and oxygen present. acteristic of idealized reformate at 40 (85%) to one typi-

These experiments, which were conducted as close ascal for CG-containing reformate (40%) at 120.
possible to realistic conditions, show that under these con-  The deactivation is slowed down or even reversed by the
ditions the effects of C®and HO only partly compensate transformation of carbonate species into thermally less sta-
each other. Especially the CO oxidation rate remains signif- ble bicarbonate species, which are decomposed at a higher
icantly lower compared to the rate in idealized reformate.  rate than carbonates.

Under realistic conditions, at higher,B partial pres-
sures, the trends are similar to those observed ip/B£D-
containing reformate. Addition of water leads to both an in-
creased CO oxidation rate and an increased selectivity com-
pared to C@-containing reformate, partly compensating the
negative influence of C9on the preferential CO oxidation
over Auk-FeO3 when compared to Cfree gas mixtures.
80°C. Addition of water (1 kPa) usually led to a slight in- The values obtained in idealized reformate, however, are not
crease of the CO oxidation. The rate of the competing H fully reached. The trends found in these measurements are in
oxidation, on the other hand, is reduced, resulting in an av- good agreement with those determined in conversion mea-
erage increase in selectivity by 15%. Finally, water addition surements in Ref. [32].
reduces the catalyst deactivation, which is caused by forma- The above data help to better estimate the applicability of
tion of carbonates generated, e.g., during CO oxidation in Au/a-Fe O3 catalysts for the CO removal from methanol re-
pure N> or in dry CQ;-containing reformate. We explain this  former feed gas streams for PEFCs. Although these catalysts
by transformation of carbonates into thermally less stable bi- do not fully reach the activity/selectivity found under ideal-
carbonate species. ized conditions, they are nevertheless promising candidates

Addition of CO; leads to opposite effects. At 8C it for a technical application.
decreases the CO oxidation rate, by about a factor of 2—4,
depending on the partial pressure, and also the selectivity, by
about 15%. Based on the blue shift of the C—O stretch fre- AACknowledgments
quency at 2110 cmt with increasing C@ pressure this is
explained by coadsorption of G@n the gold particles or at
the gold—metal oxide interface. The effect of £© almost
independent of the temperature, reflecting similar activation
energies in idealized reformate and in £Epntaining refor-
mate for both CO oxidation andztbxidation. In addition,
the deactivation is enhanced due to faster carbonate formageferences
tion, and also the selectivity decreases steadily with time, by
about 5-7% over 1000 min.

The effect of water is slightly different, when it is not
added to idealized reformate, but to a £€bntaining feed.

4. Conclusions

We have shown that both water and £@ave pronounced
and diametrical effects on the preferential CO oxidation in
H-rich gases (PROX reaction) over Aufe®; catalysts at
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schungsgemeinschaft for M.M.S., within the Graduierten-
kolleg Molekulare Organisation und Dynamik an Grenz- und
Oberflachen.
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